Unequal recovery of complexes in crosses involving Isotoma petraea complex heterozygotes may be due to (a) the components of the zygotic lethal system in one complex being distributed over both complexes in a second complex hybrid, (b) to the dependence of a complex containing a dominant lethal factor on a suppressor of that lethal in the other complex for its survival, and (c) to gametic lethals. The redistribution of zygotic lethal system components between complexes in different complex heterozygotes leads to a limitation of the number of complex combinations possible in interpopulational hybrids and to the development of partial genetic isolation between populations. Unbalanced gametic lethals, operating in either the pollen or ovule, are not uncommon in Isotoma complex hybrids, and one plant stabilised by a balanced gametic lethal system is described. It is concluded that balanced gametic lethal systems in Isotoma could eventually replace the more primitive zygotic lethal systems, and that a similar evolutionary sequence probably accounts for the preponderance of gametic lethal systems in Oenothera complex hybrids.
INTRODUCTION
Complex hybridity is a rare genetic system which associates multiple interchange hybridity, autogamy and a balanced lethal system to conserve permanent hybridity at the diploid level. It is found in Isotoma petraea (James, 1965) , Oenothera spp. (Cleland, 1960 (Cleland, , 1972 , Rhoeo discolor (Simmonds, 1945) , Hypericum (Hoar, 1931) and Gayophytum (Them, 1969) . Genetic systems approaching complex hybridity are also known in a number of dioecious groups, including Viscum (Weins and Barlow, 1975) , termites Luykx, 1977, 1981) , centipedes (Ogawa, 1954) , huntsman spiders (Rowell, 1985) and monotremes (Murtagh, 1977) . Within complex hybrid species, essentially only two gametic genotypes, the complexes, are formed, and on selfing, the complex combinations which survive are determined by the balanced lethal system.
The balanced lethal systems in autogamic complex hybrid plant species are of two forms, zygotic and gametic. In the zygotic system, the complex homozygotes are formed as zygotes but fail to survive due to the operation of recessive lethal genes. In the gametic system, complex homozygotes are not formed because of the complementary transmission of the complexes in alternate sexes. Steiner (1956 Steiner ( , 1957 Steiner ( , 1960 has attributed the widespread occurrence of gametic lethal systems in Oenothera, in part, to self-incompatibility factors, presumably relics from an ancestral outbreeding form, which have been maintained in the female transmissible complex. The Renner Effect, which is megaspore competition favouring the survival of one genotype, harbours the female component of the balanced gametic lethal system in Oenothera complex hybrids, ensuring that the alternate complex is transmitted through the ovule. James (1965) , Beltran and James (1970) and Beltran (1971) have shown that complex hybridity is maintained in some forms of Isotoma petraea through balanced zygotic lethal systems which allow equal transmission of both complexes in the gametes. No evidence of self-incompatibility has been reported in I.petraea, and indeed most of the seed produced by both the structurally homozygous ancestral forms and the complex hybrids is by self-pollination.
More recently, however, it was observed that an apparently unequal transmission of complexes occured when certain complex hybrids were crossed to alethal structural homozygotes. A fully or partially developed gametic lethal system is one of several ways of explaining this observation, and the apparent operation of synthetic gametic lethals in maintaining independently assorting rings in two-ring complex heterozygotes (James 1970) , as well as the presence of gametic lethals in comparable genetic systems in other species, strengthens this possible option. This paper describes the transmissibility of complexes in several Isotoma petraea complex heterozygotes in self and cross pollinations and confirms the occurrence of distorted segregations in several cases. Three different mechanisms resulting in segregation distortion are described. Two of these mechanisms are dependent upon the interactions of components of the zygotic lethal systems when combined in interpopulational hybrids, and they exemplify situations in which the often nebulous concepts of intrapopulational coadaptation and interpopulational divergence are more precisely defined. The third mechanism described is one based on gametic lethality. The significance of the occurrence of gametic lethal systems in relation to proposed evolutionary pathways to complex hybridity is discussed.
MATERIALS AND METHODS
A series of crosses involving complex heterozygotes and alethal structural homozygotes was established in the glasshouse. The locations of the source populations are available in James (1970) . Naturally self-pollinated capsules were also harvested. About 7 days after harvesting, the seeds were leached in a running waterbath for 72 hours then imbibed in 0.1 per cent giberellic acid (GA3-BDH Chemicals) for 48 hours to break the natural dormancy of the seed. They were then germinated on clean wet Whatman's No. 1 filter papers in sterile petri dishes. Samples of 2-to 3-week-old seedlings were transferred individually to 5 x 5 cm Jiffy peat pots and scored for seedling survival rates.
Electrophoresis was conducted on samples of 2-to 3-weak-old seedlings (LAP assay only) and on plants which survived to maturity in Jiffy pots (usually PGM, GDH, LAP, . Details of the electrophoretic techniques are available in James et a!. (1983) .
Pollen from selected plants was collected and stored at room temperature in dry microtiter wells covered with plastic film. Each day for 5 days a sub-sample was removed and assayed electrophoretically for all five loci.
Growth patterns of pollen from complex hybrids were monitored in the style of a standard structural homozygote (Gnarlbine 9). Mature stigmas of emasculated flower buds were dusted with pollen and at intervals of up to 24 hours the styles were removed and the conducting tissue dissected out and stained with 1 per cent aniline blue in 5 per cent glycerol. The tissue was then squashed and observed under UV for pollen tube fluorescence using a Carl Zeiss (Jena) Fluoval microscope with barrier filter GA-24 and excitation filter UG-1.
Pollen viability was determined by staining in 5 per cent lactophenol cotton blue in 45 per cent acetic acid or with fluorescein diacetate (Knox 1979) and by scoring the percentage of germinated grains after 24 hours in a 10 per cent sucrose "hanging drop" cell.
Embryological features of particular plants were studied by embedding a range of ovaries fixed in 6 per cent gluteraldehyde in GMA resin (O 'Brien and McCully, 1982) . Sections were cut at 25 pm using a Sorvall JB-4 microtome, mounted in sequence on a glass slide and stained in toluidine blue (pH 6.8).
Ovule numbers were determined by staining placentae with attached ovules in alcoholic carmine (Snow, 1963) at 60°C for one hour and dissecting the ovules onto a gridded filter paper for counting. Excess stain was removed with 45 per cent acetic acid.
The contents of mature unopened capsules from selected plants were determined by dissection.
The meiotic configuration at first metaphase was determined for occasional plants using the alcoholic carmine squash technique (Snow, 1963). In the following, italicisation of locality in individual plant names indicates that the plant is a complex hybrid.
OBSERVATIONS

Zygotic elimination of one complex in Elachbutting 5
Elachbutting 5 was determined as 1/3 1/2 1/3 1/2 1/1 at the PGM, GDH, LAP, GOT-i and 6PGD-1 loci respectively. On selfing, it yielded 1/3 1/2 1/3 1/2 1/1 heterozygous two-ring-of-six (206) plants only, and exhibited a 90 per cent seedling survival rate (Table 1 , cross 1). Gnarlbine 9 and Boorabbin 16 were 1/1 1/1 3/3 1/1 1/1 homozygotes. When crossed together, they yielded progeny homozygous both structurally (7) and allozymically, with a seedling survival rate of 91 per cent (table 1, cross 2). When Elachbutting 5 was crossed to either standard alethal structural homozygote, the 1/1 1/i 3/3 1/1 1/1 genotype was preferentially recovered in the adult progeny irrespective of the direction of the cross (table 1, crosses 3-6). Only respectively, in frequencies not significantly different from a 1: 1 ratio. These seedlings showed no signs of mortality after 3 weeks growth in petri dishes under non-selective conditions. However, in the materials transplanted into Jiffy pots to grow to maturity, approximately 50 per cent seedling mortality was observed, along with the preferential recovery of the 11311 genome. We conclude that the LAP 1/3 seedlings, which carry the Elachbutting 5 32121 complex, are selectively eliminated during this phase.
The above results eliminate the possibility of a gametic lethal operating in Elachbutting 5. Both complexes are incorporated into and transmitted through both gametes in equal frequencies and are recoverable in young seedlings. A seedling lethal must therefore operate to eliminate the heterozygously marked twin hybrid, accounting for the 50 per cent seedling mortality which occurred after transplanting into Jiffy pots. This behaviour can be accommodated by assigning a dominant lethal factor to the 32121 complex and a suppressor of that lethal to the 11311 complex, in addition to the recessive lethal factors of the balanced lethal system which eliminate the complex homozygotes before seed maturation. As such, the selfed progeny which are complex heterozygous are viable. Both the Gnarlbine 9 and Boorabbin 16 primitive genomes, however, must lack the suppressor, for the lethal is expressed when in combination with these genomes.
Since no mortality was evident in the 3-weekold seedlings, the dominant lethal of Elachbutting 5 32121 must exert its effect only after 3 weeks or under more stringent conditions. The two surviving adult heterozygotes noted in crosses 4 and 6 (table 1) may be recombinants in which the dominant lethal or its suppressor has been relocated relative to the allozyme markers.
Unbalanced male gametic lethal systems in 3-Mile Rock 18 and three other complex heterozygotes A significant non-recovery of one complex in both the adult and, when tested, the seedling progeny was observed when 3-mile Rock 18, Burracobbing 2, Keokanie 6 and Mt. Hampton 18 were used as pollen donors in crosses to the alethal homozygote Gnarlbine 9 and when 3-mile Rock 18 was similarly crossed to Boorabbin 20. In the reciprocal crosses, both twin hybrids were recovered in frequencies not significantly different from a 1: 1 ratio (table 1, crosses 7-18).
The male recoverable complex in 3-mile Rock 18 was the 11311 complex. In combination with the similarly marked genomes from both of the alethal structural homozygotes, this complex yielded 29 structurally homozygous progeny exhibiting seven bivalents (7) at meiosis and two ring-of-four (04) interchange heterozygotes amongst a total of 46 progeny grown to maturity. The (7 Boorabbin 20x711 Gnarlbine 9) hybrid was structurally homozygous ( Another female gametic lethal system is described in the following section.
A balanced gametic lethal system in Yorkrakine 7
From Yorkrakine 7 and Yorkrakine B-i have similar allozyme genotypes and cytology, both being 012, and when crossed paternally to alethal structural homozygotes, both gave rise to 010 progeny. Their male transmissible genomes are not identical, however, since that of Yorkrakine 7 is female nontransmissible.
Both complexes were present in the pollen of Yorkrakine 7 after 5 days of storage and no visible difference in homomer band intensities developed.
As with 3-mile Rock 18, only 50 per cent of the viable Yorkrakine 7 pollen germinated in 10 per cent sucrose, and it exhibited homogenous growth rates in the styles of Gnarlbine 9.
Embryo sac development in Yorkrakine 7 does not appear to differ from that described for alethal structural homozygotes by Beltran (1970) . Without exception, the chalazal megaspore, in fertile ovules, gave rise to the embryo sac. In some ovaries, mature embryo sacs were observed in some ovules, and enlarged but degenerating megaspores in others; these were invariably in the chalazal position and remnants of the non-functional megaspores were still identifiable in the micropylar region. We assume that the undeveloped, enlarged chalazal megaspores are those containing the maternally non-transmissible complex. Since the micropylar megaspore failed to develop into the embryo sac in all 13 of the linear tetrads that could be observed, it is concluded that no Renner Effect (i.e., megaspore competition) is operative in Yorkrakine 7.
Non recovery of one complex in crosses between two complex heterozygotes The Elachbutting dominant lethal effect. Graham 8 presumably does not carry this suppressor, and so the Elachbutting 5 32121 complex was not recovered in the adult progeny of the crosses. On the other hand, the non-recovered Graham 8 31321 complex must have been associated with the Elachbutting 5 11311 complex in one or both crosses, but no 1/3 1/1 3/3 1/2 1/1 genotype was recovered amongst the 51 progeny assayed; these complexes must share a common recessive lethal. Thus, divergence of the lethal systems in the Elachbutting and Graham Rock complex heterozygotes has resulted in the viability of only one of the four possible interpopulational complex combinations. Redistribution of zygotic lethal system components between complexes. Merredin 9 has the genotype 1/3 1/2 1/3 2/3 1/1 and is composed of the two complexes, 32121 and 11331 (table 1, cross 27). Mt. Stevens 3 has the genotype 3/3 1/2 1/3 2/2 1/1 and is composed of the two complexes 31321 and 32121 (table 1, cross 28). Significant nonrecovery of the Mt. Stevens 3 31321 complex was observed in the adult progeny of Merredin 9 x Mt.
Stevens 3 (table 1, cross 29). Both Merredin 9 complexes were equally recovered in cross 29, but in 77 of the 87 progeny assayed, they were associated with the Mt. Stevens 3 32121 complex. The Mt. Stevens 3 31321 complex is fully transmissible in the pollen (table 1, cross 28), so its reduced recovery in the progeny of cross 29 cannot be attributed to gametic lethality. The 10 per cent of progeny carrying the allozymic markers of the Mt. Stevens 3 31321 complex may well be of recombinant origin; if not, the progeny containing this complex are rather unlikely to survive, even if they are not totally inviable. These results are explicable if we assume that the essentially non-recovered Mt. Stevens 3 31321 complex shares recessive lethals or debilitating genes in common with both of the Merredin 9 complexes while the Mt. Stevens 3 32121 complex shares lethals with neither. Thus, divergence of the lethal systems in Merredin and Mt. Stevens has resulted in the redistribution of lethals from one complex to both complexes in a second hybrid, and the loss of lethal homology between the other complex and both complexes in the second hybrid.
DISCUSSION
In contrast to earlier reports (James, 1965; Beltran and James, 1970) it is apparent that in Isotoma pet raea complex hybrids, the complexes are not always transmitted with equal frequencies through both gametes. Where biased transmission occurs, it is due to gametic lethals which may operate in either or both sexes. Unequal recovery of equally transmitted complexes may also occur and may be due to dominant lethal factors expressed in juvenile seedling stages of plants which do not include a suppressor of that lethal in their genotype, and by the redistribution of components of the zygotic lethal system on one complex to both complexes in another complex heterozygote.
In a complex hybrid stabilised by a balanced zygotic lethal system, arrays of lethal factors are distributed throughout the complexes-there is evidence, for example, that there are three lethals in one complex and two lethals in the other in the Bencubbin 012 complex heterozygote (Beltran and James, 1970) , and that the complex hybrids increase the efficiency of their balanced lethal sys-tems by accumulating earlier acting zygotic lethals (James, 1970 Individual populations, then, must be composed of lineages which combine complexes which are mutually coadapted, at least with respect to their zygotic lethal systems, and also, presumably, for other factors which determine their relative fitnesses. If more than two complexes exist within a population, then all the viable pairs of complexes must be mutually coadapted, and an intrapopulational coadaptation must be generated and maintained. Different populations, which are essentially isolated because of the spatial effects associated with preference for the granite rock habitat exhibited by this species, would achieve their intrapopulational coadaptations independently of each other. In this process, the redistribution of the zygotic lethal system components has clearly generated complexes which are not mutually coadapted so that only a limited number of complex combinations can survive.
This type of divergence between populations would limit the facility with which interpopulational hybrid derivatives could be generated following a migrational event, and at its extreme, it could lead to reproductive isolation. Population systems of complex hybrids stabilised by balanced gametic lethal systems may not be subject to this type of divergence.
The balanced gametic lethal system is rare in Isotoma, having been found in only one amongst scores of plants investigated to date. While unbalanced gametic lethals are not particularly unusual, recessive zygotic lethality commonly provides the basis for permanent hybridity in these complex hybrids, either alone or in association with unbalanced gametic lethality. It is most likely that a balanced zygotic lethal system is the primitive mechanism of homozygote elimination in Isotoma, and that unbalanced then balanced gametic systems represent progressively derived conditions.
Since only functional heterozygotes can be produced by selfing in a complex hybrid stabilised by a balanced gametic lethal system, this system may well confer a selective advantage onto its carrier in terms of resource allocation at the post-pollination stages. However, the fecundity of such plants would be halved because of the random distribution of complexes to megaspores. Restoration of this fecundity could be achieved through an increase in ovule numbers. There is evidence that ovule numbers have increased in Isotoma complex hybrids (Ling, unpublished data). Restoration of fecundity could also be achieved through the development of a Renner Effect, as in Oenothera, or through a polarised distribution of the complexes such that the female transmissible complex was preferentially distributed to the functional megaspore, as is the case with the univalents in Leucopogon juniperinus (Smith-White, 1955) . Although neither system is evident in Isotoma, strong positive selection pressure would be expected to operate on plants carrying female gametic lethals which displayed tendencies in either of these directions.
Isotoma petraea may be considered to be a young complex hybrid group (James, 1970) , with its lethal systems still in the formative stages. Continuing evolution may well result in the replacement of its balanced zygotic lethal systems by balanced gametic lethal systems.
Isotoma is thus in contrast to Oenothera, where most of the complex heterozygotes are stabilized by gametic lethals. In Oenothera, male non-transmission of complexes is thought to have its origins in ancestral self-incompatibility (Steiner, 1956 (Steiner, , 1957 (Steiner, , 1960 . In Isotoma, this cannot be the case; male non-transmission and female non-transmission have both arisen amongst populations of complex heterozygotes with zygotic lethal systems. By the same token, the balanced zygotic lethal system in Oenothera lamarkiana (Cleland, 1936) may be taken to be a remnant of the original complex hybrid genetic system in that genus, but it has been replaced, almost completely, by gametic systems in virtually all other Oenothera complex hybrid species. The male non-transmissibility described for 3-mile Rock 18, Yorkrakine 7, etc, and here referred to as (male) gametic lethality, involves a failure of otherwise normally appearing pollen grains to germinate. The phenomenon is very similar to self-incompatibility. It is possible that the male non-transmissibility in Qenothera complex hybrids has had its origin in a manner similar to that in Isotoma and not from any true self-incompatibility system in its ancestors. \Vhile true self-incompatibility is well known in Oenothera, e.g., Oe. organensis, (Emerson, 1939) , its rarity amongst extant structural homozygotes closely related to the complex hybrid species (Stubbe and Raven, 1981) supports this view.
Indeed, it would appear that self-incompatibility and complex hybridity may represent two alternative and mutually exclusive genetic systems in Oenothera. Both systems provide an answer to the challenge of inbreeding depression in small populations, by innovative outbreeding in self-incompatibility, and by conservation in complex hybridity.
We suggest that the evolution of complex hybridity in Isotoma and Qenothera has occurred along similar lines, and that the gametic lethal systems of Oenothera represent a derived condition, not associated with any ancestral self-incompatibility system. If this be so, then there is little evidence to support the theory proposed by Cleland (1960 Cleland ( , 1972 ) that complex hybridity in Oenothera arose suddenly, as the consequence of hybridization between outbreeding lineages which differed with respect to their chromosome end sequences and which became stabilised by a subsequent adoption of autogamy. Rather, application of the evidence in Isotoma to the Oenothera situation strengthens the theory (Darlington, 1958) that complex hybridity arose in Oenothera as a response to inbreeding.
